Monodisperse Fe 3 O 4 nanoparticles (NPs) with narrow size distribution are synthesized by a high-temperature solution-phase method. The diameter of the as-synthesized NPs is tuned from 2 to 14 nm by varying the reaction conditions. Highly ordered superlattice structures of the Fe 3 O 4 NPs with areas extending over 0.8 µm × 0.7 µm have been successfully obtained. The magnetic properties are investigated in their different states, such as in the solid state and diluted in wax with different concentrations. Some magnetic properties enhanced by increasing interparticle distances, such as the remanent magnetization and coercive field at low temperature, were noticed. Furthermore, we also observed that the saturation magnetization changed with temperature as expected. The preliminary explanation for the properties mentioned above is proposed.
Introduction
Materials at the nanometer scale have been studied for decades because of their unique properties arising from the large fraction of atoms residing on the surface, and also from the finite number of atoms in each crystalline core. [1] [2] [3] [4] [5] [6] [7] [8] Among these materials, superparamagnetic iron oxide nanoparticles (SPION) with suitable biocompatible coatings have been used in biomedicine, particularly in magnetic resonance imaging (MRI), tissue engineering, and drug delivery applications. Especially, because of the increasing need for high area density storage, the synthesis and characterization of magnetic nanoparticles have been extensively investigated. [9] [10] [11] [12] [13] Metal and semiconductor nanocrystal dispersions exhibiting extremely narrow size distributions are thought to be a prerequisite for electronic and optical device applications. On the other hand, the assembly of uniform nanoparticles into well-defined two-and threedimensional superlattices has attracted much attention, because it is critically important to chemical, optical, magnetic, and electronic nanodevices and would bring possibilities to brandnew properties and applications which result from the spatial orientation and arrangement of the nanocrystals. [14] [15] [16] Here, we report on the synthesis of monodispersive Fe 3 O 4 nanoparticles with narrow size distribution, monolayer and multilayer selfassemblies of the as-synthesized grains, and the magnetic properties of the NPs.
Experimental Section
Typically, we mixed Fe(acac) 3 , 1,2-dodecanediol, oleic acid (OA), and oleylamine (the molar ratio is 2:5:3:3) in phenyl ether under the protection of nitrogen. Then, the mixture was heated to 200°C. After maintaining the temperature for about 30 min, the mixture was heated to about 270°C, and the temperature was maintained for 1 h. Then, it was cooled to room temperature naturally, and a large excess of ethanol was added under ambient conditions. After centrifugation and purification, a black material was obtained and dissolved in heptane. The as-synthesized NPs with a diameter of about 4 nm are stable in heptane for at least 10 months and will be more stable with the presence of oleic acid and oleylamine. They can also be stable and redispersible in the solid state for some weeks after they are dried under ambient conditions. When the conditions were maintained at 270°C for 2 h, the NP diameters were enlarged to about 8 nm. Higher initial precursor concentration leads to larger particles, but 14 nm is the limit to the NPs diameter by this way in our work. When lauric acid was used instead of oleic acid (OA) with the experimental parameters kept the same, the NPs became twice as large. We employed 1,2-dodecanediol with shorter carbon chains instead of 1,2-hexadecanediol to synthesize NPs, controlling particle sizes by varying the experimental conditions, which are different points from the method described in the literature. 16 Results and Discussion Figure 1 shows an XRD pattern of 8 nm Fe 3 O 4 nanoparticles which indicates the highly crystalline cubic spinel structure. The 19 The electron diffraction pattern of the Fe 3 O 4 NPs exhibiting a magnetite structure is shown in Figure 3a . Table 1 Figure 3d . The superlattice formations of the Fe 3 O 4 NPs are driven by surface tension, attractive van der Waals forces, and magnetic interaction among the superparamagnetic nanoparticles. 6 Figure  3d shows that the Fe 3 O 4 NPs are self-assembled in a hexagonal closed packed way, which demonstrates, on the other hand, the uniformity of the particles' sizes, which is necessary for the ordered structure and is necessary for application and fundamental investigation purpose. In Figure 3c and d, the Fourier transform power spectra (FFT) of the ordered structure of Fe 3 O 4 NPs confirm the hexagonal symmetry. By adjusting the evaporation temperature to about 35°C, one can get superlattices with large areas. Figure 3e shows the TEM image of the superlattice with ordered area extending over 0.8 µm × 0.7 µm. The average size of NPs in Figure 3e is 4.0 ( 0.25 nm, and the standard deviation about the mean size is about 4% (400 nanoparticles were measured).
The magnetic properties of monodisperse Fe 3 O 4 NPs with diameter of 8 nm in different physical states were investigated using a physical properties measurement system (PPMS). The temperature dependence of magnetization was measured at an applied field of 300 Oe between 5 and 300 K using the zerofield-cooling (ZFC) and field-cooling (FC) procedures. The hysteresis loops were measured at 10 and 300 K, respectively. The sample in the powder state is named sample 1, and the ones diluted with wax with concentration of 1.15% and 0.49% in the mass are named sample 2 and sample 3, respectively. The FC and ZFC curves of the three samples are shown in Figure 4a ,b. One can see that all the FC and ZFC curves exhibit similar behaviors (especially sample 2 and sample 3) at high temperature above the blocking temperature (T B ), which is about 40 K here, and which indicates the particles are free to align with the field during the measuring time at high temperature. This state is considered to be superparamagnetic, because the particles behave similarly to paramagnetic materials but with a much larger moment. All the curves show that the magnetization decreases with temperature linearly above the T B . And, it is in agreement with the Curie-Weiss law to some extent. The only difference between them is in the slopes (see Table 2 ). The slopes of the same sample in both ZFC and FC measurement are equal to each other, but those from samples 2 and 3 are much bigger than those from sample 1. It may be caused by the increasing interplay among the particles, which affects the interparticle exchange interaction, and further investigation may introduce some new parameters, such as interparticle distances, into the Curie-Weiss law when it is used at the nanometer scale. Below the T B , the ZFC curves show a gradual increase of the magnetization with temperature up to around 41 K, which suggests progressive rotation of the magnetization of the blocked magnetic particles toward the field direction. In other words, bigger and bigger particles unfroze their moments. At the blocking temperature, the magnetization reaches the maximum. While at low temperature below the T B , the FC curves decreases slightly and plateaus finally (sample 1) or increases slowly (samples 2 and 3). In our opinion, the exchange interaction between the atoms of neighboring particles at the surface and the interplay between the NPs lead to the difference between sample 1 and samples 2 and 3. The different behavior of the curves between ZFC and FC is probably caused by the following facts: The ZFC magnetization is given by the net projection along the H (outer field) of the randomly frozen magnetic moment of the particles with larger radius and of the polarized superparamagnetic NPs, while the FC magnetization corresponds to the net projection of the polarized frozen moments and those of polarized superparamagnetic NPs. Figure 4c ,d shows the hysteresis loops of the 8 nm dried Fe 3 O 4 powder at 10 and 300 K, respectively. The hysteresis loop (Figure 4c ) at room temperature of the dried powder shows the expected behavior. At 300 K, the magnetite nanoparticles do not display magnetic remanence, and the initial slopes of the magnetization curve are steep. These facts are related to finite-size and surface effects. According to this case, the particles are considered to be superparamagnetic. The steep initial slopes show promise for applications in nanoscale magnetic devices. The hysteresis loop of Fe 3 O 4 powder shows ferrimagnetic-like properties at 10 K (Figure 4d ). The M s (saturation magnetization) is about 67.04 emu/g, the coercive field H c is about 160.1 Oe, and the remanent magnetization M r is about 7.4 emu/g. It is roughly in agreement with the data from the literature. 16 The difference may come from the dipolar interactions among the NPs, the different particle sizes, and the spacing among the particles. The hysteresis loops from samples 2 and 3 at 10 K were shown in Figure 4e and f, respectively, and all the characteristic data are shown in Table 2 . One can see that H c , M r , and M r /M s were enhanced when the NPs were diluted with wax. These enhancements probably originate from the decrease of interparticle exchange interaction caused by the increasing interplay among the particles and the occurrence of a collective interparticle magnetic state. 20 For all the samples, one can see that the M s at 300 K is smaller than at 10 K. Lower M s is expected at higher temperature because of the superparamagnetism.
Conclusions
We have obtained magnetite nanoparticles with narrow size distribution. The size can be controlled by varying the experimental parameters. Highly ordered monolayer and multilayer self-assemblies with a large area of the Fe 3 O 4 NPs have been obtained, which is so important in respect to the applications. The magnetite NPs are ferrimagnetic at 10 K, while at room temperature, it is superparamagnetic. The H c , M r , M r /M s , and the slopes of the FC/ZFC at high temperature of the NPs were enhanced by diluting them with wax. It has also been seen that different temperature leads to different saturation magnetization. The unique properties caused by surface and finite-size effects suggest a promising future of the NPs in practical applications.
